Abstract. Background: Our previous research provided evidence of periostin increase in parallel with interleukin-13 (IL13) increase in the synovial fluid of patients with osteoarthritis (OA)
Osteoarthritis (OA) refers to the clinical syndrome of joint pain characterised by varying degrees of functional limitation and impaired quality of life. It is a leading cause of disability in the elderly and one of the leading causes of pain and disability worldwide. OA is the most common form of arthritis and most commonly affects the peripheral joints, particularly the knee. The number of patients with painful knee due to OA continues to increase dramatically with the aging of society: the estimated number of patients exceeds 25 million in the United States (1) and 8 million in Japan (2) . The main symptom of OA is pain, which is also the leading factor for patients making lifestyle changes and seeking medical intervention (3) . The objectives of OA management, according to OA Research Society International, are to reduce pain and inflammation, slow-down cartilage degradation, improve function, and reduce disability (4) . Therefore, an important aspect is the discovery of an early-stage mediator of OA and the elucidation of an intracellular signal transduction system. Periostin, also known as osteoblast-specific factor 2, is an extracellular matrix protein originally cloned from a mouse osteoblast cell line (5), and is implicated in the pathophysiology of tumour development, arthritis, atherosclerosis, and inflammatory diseases (6) . The protein is a member of the transforming growth factor (TGF)-β-inducible protein superfamily and is induced in mesenchymal cells following stimulation by TGF-β, bone morphogenetic protein 2, interleukin (IL)-4, or IL13 (7) (8) (9) .
However, the inductive ligand varies according to the disorder. For instance, it is reported that IL13 may be a ligand in OA disorder (10) . Our preliminary research provided evidence of increase of periostin expression in parallel with IL13 increase in synovial fluid of patients with OA (11). Furthermore, it became clear that the addition of periostin to OA fibroblasts promoted expression of several matrix metalloproteinases (MMPs). These results show that periostin secretion is related to tissue remodelling in OA. However, synovial fluid in arthrosis includes chondrocytes, adipocytes, and fibroblasts. Because our previous study used fibroblasts, the results do not reflect the reaction of the entire synovial tissue. Additionally, the reaction cascade from IL13 to periostin is still unidentified. Here, we aimed to demonstrate that periostin expression occurs downstream of IL13 and to clarify the reaction path and cascade from IL13 to periostin.
Materials and Methods
Materials. Human cryopreserved synoviocytes from a donor with OA (CDD-H-2910-OA) were purchased from Articular Engineering (Northbrook, IL, USA) and resuspended in Synoviocyte Growth Medium (M2700-HS; Articular Engineering). Recombinant human IL13 (IL13: 213-ILB) was purchased from R&D Systems, Inc.
(Minneapolis, MN, USA), dissolved in medium, sterilised by passing it through 0.2-μm pore filters, and stored at 4˚C until used. The anti-inflammatory agent dexamethasone (041-18861) was purchased from Wako Pure Chemical Ind., Ltd. (Osaka, Japan). Leflunomide (L5025), an inhibitor of signal transducer and activator of transcription 6 (STAT6) was acquired from Sigma-Aldrich Co. LLC. (Saint Louis, MO, USA). Dexamethasone was diluted in ethanol in stock solutions at 10 mM and stored in a freezer at −20˚C (12) . Leflunomide was kept at −4˚C diluted in dimethyl sulfoxide (DMSO) at 30 mM (13) . The concentration of DMSO in the incubation media never exceeded 0.1% (v/v), a condition that did not affect the cell survival rate.
Assay for periostin content in culture supernatants. OA synoviocytes were cultured at a density of 2×10 5 cells/ml in the medium and cultured with different concentrations of IL13 in combination with/without dexamethasone (final concentration; 100 nM) or leflunomide (final concentration; 30 μM) in 24-well plates in triplicate. After culture supernatants were obtained and stored at −80˚C until use. Periostin content in culture supernatants was measured using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA) according to the manufacturer's recommendations. The absorbance at 450 nm was measured by a Multiskan™ GO instrument (Thermo Fisher Scientific Inc. Waltham, MA, USA). The minimum detectable level of the ELISA kits was 0.14 ng/ml for human periostin.
Polymerase chain reaction (PCR) primers and reagent kits.
The reagents used for mRNA isolation (TaqMan Gene Expression Cells-toCt™) and real-time RT-PCR (TaqMan Gene Expression Assays) were purchased from Applied Biosystems (Foster City, CA, USA). These assays were performed according to the manufacturer's instructions (14) . For real-time reverse transcription (RT)-PCR comparison of gene expression, we selected periostin (POSTN; TaqMan Gene Expression Assays; Assay ID: Hs01566743_m1). 18s, 18S ribosomal RNA (TaqMan Gene Expression Assays; Assay ID: Hs99999901_s1) was used as a housekeeping gene to normalise for RNA loading.
mRNA isolation, quantitative RT-PCR. The OA synoviocytes were cultured at a density of 1×10 4 cells and with different concentrations of IL13 in combination with/without dexamethasone (final concentration; 100 nM) or leflunomide (final concentration; 30 μM) in 96-well plate in triplicate. Total RNA was isolated from the cells using 50 μl Lysis Solution (P/N4383583). Each sample of total RNA was subjected to RT using 20× RT Enzyme Mix (P/N 4383585) and 2× RT Buffer (P/N43833586) with Applied Biosystems 2720 Thermal Cycler (Applied Biosystems). After the RT reaction, the cDNA templates were amplified by PCR using TaqMan Gene Expression Assays, PCR primers, and RT Master Mix (P/N 4369016). Predesigned and validated gene-specific TaqMan Gene Expression Assays (14, 15) from Applied Biosystems were used in duplicate for quantitative RT-PCR according to the manufacturer's protocol. PCR assays were performed as follows: 10 min denaturation at 95˚C, 40 cycles of 15 s denaturation at 95˚C, and 1 min annealing and extension at 60˚C. Samples were analyzed using an ABI Prism 7900HT Fast Real-Time PCR System (Applied Biosystems) (15, 16) . Relative quantification (RQ) studies (17) were prepared from collected data (threshold cycle numbers, referred to as Ct) with ABI Prism 7900HT Sequence-Detection System (SDS) software 2.3 (Applied Biosystems).
Assay for STAT6 level in cultured cells. The OA synoviocytes were cultured at a density of 1×10 4 cells in 96-well microplate in triplicate and cultured with different concentrations of IL13 in combination with/without dexamethasone (final concentration; 100 nM) or leflunomide (final concentration; 30 μM). The STAT6 level in the cultured cells was then measured with commercially available ELISA test kits (KCB3717; R&D systems, Inc.) according to the manufacturer's recommendations. Details concerning the experimental procedure are given in the kit's instruction manual and are described only briefly here. The synoviocytes for experiments were fixed with 4% formaldehyde into each well of the 96-well microplate. After the cells were bound with primary and secondary antibodies, fluorescence intensity was measured using a fluorescence plate reader (Twinkle LB970; Berthold Japan, Tokyo, Japan) with excitation at 540 nm and emission at 600 nm, then read with excitation at 360 nm and emission at 450 nm. The readings at 600 nm represented the amount of phosphorylated STAT6 in the cells, while readings at 450 nm represented the amount of total STAT6 in the cells. The fluorescence from the control wells was the background fluorescence and was subtracted from all sample wells. Ratios of phospho-STAT6/total STAT6 were expressed as normalised relative fluorescence units determined by dividing the phospho-STAT6 fluorescence at 600 nm by the total STAT6 fluorescence at 450 nm in each well.
Statistical analysis. Data are expressed as means±standard deviations. All assays were repeated twice to ensure reproducibility. Statistical significance of differences between the control and experimental groups was analysed by one-way analysis of variance followed by the Scheffe test. A probability (p) value of less than 0.05 was considered statistically significant.
Results
Detection of periostin production by OA synoviocytes. Periostin in culture supernatant from OA synoviocytes in 24-well plates treated with IL13 was measured with commercially-available ELISA. Firstly, an IL13 dose-response curve was plotted using different concentrations for 24 h treatment; then a timeresponse curve was obtained using 10 ng/ml IL13 for 24, 48 and 72 h. Periostin concentrations significantly increased at over 10 ng/ml and for intervals of 48 h or more (Figure 1 ). The experiments with the synoviocytes were carried out on the basis of these IL13 thresholds.
Next, we examined the influence of dexamethasone and leflunomide on periostin production induced by IL13 in these cells. Cells were treated with 100 nM dexamethasone or 30 μM leflunomide alone or in combination with 10 or 20 ng/ml IL13. Controls with drug alone, and controls with lowdose IL13 treatment alone were included in the experiments. As shown in Figure 2 , periostin production induced by IL13 was significantly inhibited by dexamethasone and leflunomide.
Detection of periostin mRNA expression in OA synoviocytes. Periostin mRNA extracted from OA synoviocytes, as above, was measured with quantitative RT-PCR. These experiments on the synoviocytes were carried out on the basis of the IL13 threshold in vivo 31: 79-86 (2017) for periostin product, using 10 and 20 ng/ml IL13 for 24 h, and showed that periostin mRNA concentrations significantly increased with IL13 at these concentrations ( Figure 3A) .
Next, we examined the influence of dexamethasone and leflunomide on periostin mRNA production induced by IL13. As shown in Figure 3B and C, the increase in periostin mRNA expression caused by IL13 was significantly inhibited by dexamethasone and leflunomide.
Detection of STAT6 expression level in OA synoviocytes. STAT6 extracted from the OA synoviocytes in 96-well plates with IL13 was measured with commercially-available ELISA in experiments on the synoviocytes carried out as above for 24 h. STAT6 levels are reported in relation to the mean fluorescence intensity (MFI) of intracellular total-STAT6 and phospho-STAT6 for the control group. Our results indicated that the STAT6 level significantly increased using 10 and 20 ng/ml IL13 for 24 h ( Figure 4A) .
Next, we examined influence of dexamethasone and leflunomide on periostin production induced by IL13. As shown in Figure 4B and C, the increase in periostin mRNA expression induced by IL13 was significantly inhibited by dexamethasone and leflunomide.
Discussion
Periostin, which is a matricellular protein belonging to the fasciclin family, is expressed in fibrous to solid connective tissues, such as the periosteum (18), tendons, periodontal ligaments (19) , blood vessels, and heart valves (20) . Experimentally, periostin-deficient mice exhibit delays in repair and remodelling of injured tissues, such as. bone fractures (21) . Periostin clearly plays crucial roles in tissue repair. However, in some cases, chronic or superabundant periostin expression can accelerate pathogenesis of tumours (22, 23) , bronchial asthma (24, 25) , atopic dermatitis (26, 27) , polycystic kidney disease, and other fibrotic diseases (28) . As recently reported, periostin promotes chronic inflammation by activating nuclear factor kappa B (NF-ĸB) signaling (26, 29, 30) . Periostin interacts with cells through various integrin pairs and is an essential downstream effector of several superfamily signaling pathways, such as IL4, IL13 and TGF-β (31, 32). We showed that periostin was up-regulated in OA synovial fibroblasts and provided the first formal proof that periostin may be involved as an essential downstream effector of IL13 (11) . However, there is no conclusive evidence because we did not observe a direct influence between periostin and IL13. Therefore, the main objective of our study was to clarify the influence of IL13 on periostin production, which is increased in patients with OA.
In the first experiment, we examined periostin mRNA/protein expression using human OA synoviocytes to investigate the influence of IL13 in OA pathology. We observed whether IL13 stimulation affected periostin secretion by synoviocytes of OA patient origin, including fibroblast, adipocyte, and cartilage cell, in vitro. We found production of periostin protein and mRNA increased in an IL13 concentration-and time-dependent manner (Figures 1 and 3) . These results suggest that periostin expression occurs downstream of an IL13 cascade; additionally, the increase in periostin protein expression is concomitant with an increase in its mRNA (Figure 3) .
IL13 is an immunoregulatory cytokine secreted predominantly by activated type-2 helper T (TH2) cells. IL13 shares many functional properties with IL4, stemming from the fact that they share a common receptor subunit, the alpha subunit of the IL4 receptor (IL4Rα). IL13 mediates its effects by interacting with a complex receptor system comprising of IL4Rα and two IL13 binding proteins, IL13Rα1 and IL13Rα2. However, unlike IL4, IL13 does not appear to be important in the initial differentiation of cluster of differentiation 4 (CD4) T-naive T-cells into TH2 cells, because there are no functional IL13 receptors on human Tcells (33) (34) (35) . Rather, IL13 is related to fibrosis of tissue in various chronic types of inflammation because IL13Rs are expressed on endothelial cells, fibroblasts, and smooth muscle cells. The evidence that IL13 stimulation resulted in periostin production by OA synoviocytes in this study supports our previous in vivo observations indicating a parallel increase of IL13 and periostin expression in the in vivo 31: 79-86 (2017) 82 Figure synovial fluid in OA. Furthermore, the addition of an immunosuppressive agent, dexamethasone, abolished the periostin-inducing effect of IL13 in OA synoviocytes (Figures 2A and 3B) . These results provide evidence that IL13 might be an important effector molecule in regulation of periostin in OA signalling pathways.
Effect of interleukin 13 (IL13) alone (A) and in combination with the anti-inflammatory dexamethasone (B) and signal transducer and activator of transcription 6 (STAT6) inhibitor leflunomide (C) on periostin mRNA expression in osteoarthritis (
Therefore, the purpose of the second phase of our experiments was to determine the location of IL13 action in signalling pathways. We observed that IL13 increased phosphorylation of STAT6 and activated STAT6 in OA synoviocytes in a dose-dependent manner ( Figure 4A) , and that the pan immunosuppressive agent dexamethasone abolished STAT6 activation induced by IL13 in OA synoviocytes ( Figure 4B) . Moreover, the treatment of OA synoviocytes with the STAT6 inhibitor leflunomide blocked production of both periostin protein and mRNA, as well as STAT6 activity, induced by IL13 ( Figures 2B, 3C, and 4C ). These data demonstrate that the TH2 cytokine IL13, inducing periostin production, functions through a STAT6-dependent mechanism. IL13 binds to the IL4/IL13R to activate STAT6, which plays a major role in mediating a variety of phenotypic endpoints in inflammation, including fibrosis (36, 37) .
Periostin overexpression in progressive OA of the knee occurs by a mechanism through which MMP exacerbates the chronic breakdown of cartilage in the joints, as our preliminary research showed that periostin induced expression of MMP (11) . Periostin modulation may provide an effective therapeutic strategy in OA via Janus kinase (JAK)-STAT signaling. It has become evident that IL13 and periostin are key mediators in the pathogenesis of chronic joint disease in OA. Accordingly, IL13 and periostin are attractive, novel therapeutic targets for pharmacological intervention in chronic inflammatory diseases, such as OA, and leflunomide may be one of the candidate's agents. In addition, intra-articularly injected glucocorticosteroid dexamethasone is a conventional treatment for OA. Steroids injected intra-articularly into the knees of patients with OA sometimes cause destruction of the articular surface, known as steroid-induced arthropathy (39) . The principle of steroidinduced arthropathy is not known in detail, but steroid therapy is very effective for a treatment of acute-stage OA (38) (39) (40) . Steroid treatment should be used within an optimal time-frame and niche and at the optimum dose. Intraarticular periostin may become a biomarker to ascertain the appropriateness of steroid treatment. It will be necessary to examine the various aspects of how periostin in synovial fluid influences the progression of OA.
Conflicts of Interest
The Authors declare that there is no conflict of interest in regard to this article.
